Abstract. The relationship between plant nutrient content and insect herbivore populations and community structure has long interested ecologists. Insect herbivores require multiple nutrients, but ecologists have focused mostly on nitrogen (an estimate of plant protein content), and more recently phosphorus (P); other nutrients have received little attention. Here we document nutrient variation in grass and forb samples from grassland habitats in central Nebraska using an elemental approach; in total we measured foliar concentrations of 12 elements (N and P, plus S, B, Ca, Mg, Na, K, Zn, Fe, Mn, and Cu). We detected significant variability among sites for N, P, Mg, Na, K, and Cu. We next used a model selection approach to explore how this nutritional variation and plant biomass correlate with grasshopper densities (collectively and at the feeding-guild level), and principal component analysis to explore nutrient correlations with grasshopper community species composition. When all grasshoppers were pooled, densities varied among sites, but only P was associated with abundance of the elements shown to vary between sites. Different responses occurred at the feeding-guild level. For grass specialists, densities were associated with N, plus P, Mg, and Na. For forb specialists, N and P were often associated with density, but associations with Na and K were also observed. Finally, mixed-feeder abundance was strongly associated with biomass, and to a lesser extent P, Mg, Na, and Cu. At the community level, B, Ca, Zn, and Cu, plus biomass, explained .30% of species composition variation. Our results confirm the positive association of N and P with insect herbivore populations, while suggesting a potential role for Mg, Na, and K. They also demonstrate the importance of exploring effects at the feeding-guild level. We hope our data motivate ecologists to think beyond N and P when considering plant nutrient effects on insect herbivores, and make a call for studies to examine functional responses of insect herbivores to dietary manipulation of Mg, Na, and K. Finally, our results demonstrate correlations between variation in nutrients and species assemblages, but factors not linked to plant nutrient quality or biomass likely explain most of the observed variation.
INTRODUCTION
The distributions and abundances of insect herbivores are notoriously heterogeneous in time and space at multiple spatial scales (Barbosa and Schultz 1987, Cappuccino and Price 1995) . Two factors that can be linked with these patterns are plant nutritional quality and biomass. Exploring the relationship between plant biomass and insect herbivores is relatively straightforward, in part because these two factors are easily quantified. In contrast, linking plant quality with insect herbivore abundance is a greater challenge. First, because insect herbivores require multiple nutrients and perform best when they acquire nutrients in a specific blend, both in terms of amounts and ratios (Behmer and Joern 2008 , Behmer 2009 , Raubenheimer et al. 2009 ), there are inherent shortcomings in reducing plant quality to a single variable (e.g., total protein or nitrogen). Second, characterizing plant quality is not straightforward because the multiple nutrients that insect herbivores require come packaged in different forms. For example, some nutrients exist as biomolecules, including amino acids (either free, or in protein), digestible carbohydrates (e.g., simple sugars and starch), fatty acids, sterols, vitamins (both fat-and watersoluble), lipogenic compounds (e.g., myo-inositol and choline), absorbic acid, and nucleic acids (Chapman 1998) . Nutrients can also exist as free ions (e.g., PO 4 3À , Na , and Mn 2þ ), and are sometimes found in more complex organic structures, including enzymes and coenzymes.
The diversity of nutrient forms means that documenting and quantifying variation in plant quality can be an Manuscript received 26 June 2011; revised 10 November 2011; accepted 17 November 2011. Corresponding Editor: S. J. Simpson. 4 E-mail: ajoern@ksu.edu arduous task, and is not generally tractable in field studies. A methodologically more straightforward approach is to characterize plant quality at an elemental level. Carbon (C), nitrogen (N), and phosphorus (P) have been the most frequently examined elements because of their importance in major classes of biological molecules (e.g., protein [C, N] , carbohydrates [C] , lipids [C] , nucleic acids [C, N, P], and energetic nucleotides [C, N, P]), and because of their critical structural roles and relatively high concentrations in organisms (Sterner and Elser 2002) . However, insect herbivores require multiple nutrients, many of which contain elements other than C, N, or P. For instance, we currently know little about how other nutrient-linked elements might be associated with insect herbivore population-and community-level processes, particularly elements that occur in plants as free ions, and which serve important physiological and maintenance functions (e.g., Na, K, Ca, Mg), or structural purposes (e.g., Fe, Zn, Mn; Cribb et al. 2008 ).
However, because insect herbivores use nutrients in various forms, it is reasonable to question the value of characterizing plant quality using an elemental approach. The usefulness of elements as surrogates for nutrients depends on the extent to which a particular element is correlated with key nutrient biomolecules or ions. Take, for example, the relationship between nitrogen and plant protein content. Plant proteins, especially RuBisCo, are easily the greatest source of N in plants (Feller et al. 2008) . But because the average Ncontent of the 20 amino acids found in proteins is consistently ;17% (Sterner and Elser 2002) , plant Ncontent shows a strong relationship with plant protein content (values of plant total protein and N-content generally range from 5% to 30% and 0.5% to 5%, respectively, depending on the plant species, its age, and its growing conditions (Schoonhoven et al. 2005) ).
What about phosphorus? After uptake by plants (mainly as H 2 PO 4 À ), two things can happen to P (Marschner 1995) : (1) it can remain as inorganic phosphate (P i ), or (2) it is can be esterified to a carbon chain as a simple phosphate ester (e.g., sugar phosphate), or attached to another phosphate (e.g., ADP or ATP). When soil phosphorus supply is sufficient, nucleic acids (DNA, mRNA, tRNA, rRNA) are the major Pcontaining fraction, averaging ;34% of the total P content (Kakie 1969) ; the remaining P-containing fractions include lipids (;21%), esters (;23%), and inorganic phosphorus (;21%). Each of these forms of P is available to insect herbivores (Woods et al. 2002 , Perkins et al. 2004 , so elemental P levels in plants correlate with P that can be used by insect herbivores. Interestingly, when soil P levels increase above sufficiency, inorganic P levels increase (stored in the vacuoles), but the amounts of the other P-containing fractions remain constant (Kakie 1969) . With the important exception of carbon (C), which is found in all macromolecules and is particularly high in structural compounds (e.g., cellulose, lignin) that insect herbivores cannot digest (Chapman 1998) , there is a strong correlation between plant elemental levels (e.g., S, Ca, Na, K, to name a few) and the availability of nutrients in this form to insect herbivores (Marschner 1995) . Hence, an elemental analysis is not useful for assessing digestible carbohydrates and lipids, both of which are key components of food nutritional quality.
In the current study we use an elemental approach to broadly document natural variation in aspects of plant quality; in total we measure 12 elements (N and P, plus S, B, Ca, Mg, Na, K, Zn, Fe, Mn, and Cu). We then use a model selection approach to identify correlations between variation in plant foliar elements and insect herbivore abundance, and principal component analyses to examine how variation in plant foliar elements can inform community species composition. We target grasshoppers for study for three reasons. First, they are ubiquitous insect herbivores in grasslands worldwide, with representatives from three feeding guilds in most habitats: grass-feeders, forb-feeders, and mixedfeeders (Joern 1979, Chapman and Sword 1997) . Second, grasshopper population densities fluctuate greatly in time or space, and communities vary in species composition at both local and regional scales (Joern and Gaines 1990 , Lockwood 1997 , Jonas and Joern 2007 . Third, grasshopper densities or species compositions on a local scale are distributed spatially in a way that may reflect spatial heterogeneity in food quality (Heidorn and Joern 1987 , White 1993 , Haddad et al. 2001 , Loaiza et al. 2011 . We ask three primary questions: (1) How variable are plant foliar elemental concentrations between grasses and forbs, and between sites? (2) Can variation in foliar element concentrations be linked with the spatial heterogeneity of grasshopper densities at both the taxonomic and feeding guild level, and if so, which elements are most informative? (3) Can variation in plant foliar levels be linked to species composition of grasshopper communities? Our work is comparative without accompanying experimental validation of outcomes, but the scope of comparisons is broad, and highly informative. We also identify a suite of elements whose functional/physiological effects on insect herbivores warrant further investigation.
METHODS

Site descriptions, grasshopper and vegetation sampling
Grasshopper abundance and community composition, plant vegetative biomass, and elemental composition from 17 well-dispersed sites from three grassland habitats in western Nebraska, USA (Keith and Arthur counties) were sampled over a five-day period in August 2005 (a period which corresponded with peak emergence of adult grasshoppers). The three grassland habitats included: (1) sandhills grassland (nine sites in total; four from Arapaho Prairie in Arthur County (abbreviated as AP), plus five additional sites in Arthur County (abbreviated as Arthur), (2) mixed-grass prairie on low-lying sandy soils (five sites; collected in Keith County, at Cedar Point Biological Station and abbreviated as CPBS), and (3) disturbed areas composed of loamy soils with past heavy grazing and vegetation characterized as ''weedy'' (three sites; collected in Arthur county, near CPBS; these sites are abbreviated as Dist). Each of the four site abbreviations is used in Figs. 1, 2 , 4, and 5. The maximum distance between any two sites was ;50 km and the closest ;0.6 km. Sites differ in soil composition, landscape position, historical land use, and current grazing levels among the three habitats (sandhills, mixed grassland, and disturbed sites). Soils in this study ranged from sites with moderate to strongly sloping well-drained Valentine fine sand to those dominated by Bayard fine sandy loams or Keith loams on gently to moderate slopes (NRCS soil maps). Grazing intensity also varied and likely influenced grasshopper abundance, leaf area index, and plant-soil interactions (O'Neill et al. 2003) .
Grasshopper densities and community species compositions were quantified using the standardized ring count method (Onsager 1977 , Joern 2005 ) and sweep sampling (Evans et al. 1983 ). These methods accurately assess density and species composition, respectively, in grassland habitats characteristic of the study area. At each site, four ;100 m long transects spaced at least 10 m apart were sampled. Twenty 0.1-m 2 area rings were placed randomly along each transect with a minimum distance of at least 2 m between each ring. This distance was sufficient to limit interference with the next uncounted ring during the actual sampling process. After several hours to allow natural redistribution of grasshoppers, transects were walked slowly and individuals located in each ring were counted.
Relative abundances of grasshoppers were estimated using sweep sampling. Systematic sweeping using nets (32 cm diameter) was conducted until 200 sweeps were completed. Nets were emptied after every 25 sweeps; the entire sample was bulked to estimate relative abundances of species for each site. This technique provides reliable estimates of relative abundance of grasshoppers in grassland habitats (Evans et al. 1983) . Species densities at each site were determined by multiplying relative abundances of individual species by the overall grasshopper density. Relative abundances of grasshopper species for sampled localities are shown in Appendices A and B. Vegetation biomass was estimated by averaging clipped vegetation at 1 cm above ground level for 10 0.1-m 2 plots located randomly along each of the four transects at each site. Vegetation was sorted to grass and forb, dried for 36 h at 558C, and weighed to estimate total biomass (g/m 2 ) at each site. Only grass biomass was included in analyses of grass-feeding grasshopper responses and only forb biomass was included in models for forb-feeding grasshoppers. Total plant biomass was used for analyses including mixedfeeding grasshoppers and all taxa combined. Plant tissue was then prepared for elemental analysis, including N, P, S, B, Ca, Mg, Na, K, Zn, Fe, Mn, and Cu, as detailed in Appendix C.
Statistical analyses
First we examined how foliar elemental content varied between plant type (forb and grass) and among 17 unique sites, from three different grassland habitats (sandhills grassland, mixed-grass prairie, and disturbed areas). We evaluated responses using MANOVA techniques (JMP version 7.0.2; SAS Institute, Cary, North Carolina, USA) because elemental levels in plant vegetative tissues are not independent of one another. Where significant differences were observed with respect to site, contrasts were employed to compare elemental profiles across the three sites (sandhills vs. mixed-grass, sandhills vs. disturbed, and mixed-grass vs. disturbed). For each element we also performed univariate analyses at the site level (using Bonferroni adjustments to avoid Type I errors). Finally, we compared the absolute concentration of each element in forbs and grasses by calculating a forb : grass element ratio for each element at each site. This ratio was analyzed using a t test with a hypothesized mean of 1 (a value indicating absolute elemental amounts were equal in paired forb and grass comparisons).
We next employed a model selection approach following Akaike's Information Criterion (DAIC c ) corrected for small sample sizes to explore links between foliar concentrations of elements with the spatial heterogeneity of grasshopper density among sites. This approach is particularly well suited for making inferences on observational data collected from complex systems (Burnham and Anderson 2002, Johnson and Omland 2004) . In total, 36 candidate models (Appendix D) were generated using combinations of elements for which biological reasons predicted performance effects, and fit to the data using linear regression (PROC GENMOD; SAS version 9.1, SAS Institute, Cary, North Carolina, USA). Calculated AIC c weights (w i ) were used to assess the fit of each model (model w i values range between 0 and 1; higher w i values indicate a better fit of data to a given model). Evidence ratio (ER) values, which represent the likelihood that the best model (bm) is true compared to model i were also calculated (ER ¼ w bm /w i for all i models where the best model is the model with the highest w i ).
Finally, species composition of the grasshopper communities and its relationship to foliar elemental levels and plant biomass was examined using two approaches. First, hierarchical clustering of sites based on grasshopper species composition was performed to determine if sites from the same habitat type and location were most similar. Second, grasshopper communities (relative abundances) were ordinated (32 species at 16 sites) by principal components analysis (PCA) using variance/covariance matrices for grasshopper species among sites. Ordination scores were calculated using distance-based biplot methods, while site-based ordinations were plotted with the contribution of environmental variables from plant elemental composition and average plant biomass. Both of the above analyses were performed using PCORD (version 5) Mefford 1999, McCune and Grace 2002) .
RESULTS
Foliar concentrations of elements
Concentrations (mean þ SE) of 12 foliar elements in grasses and forbs from nine sandhills, five mixedgrassland, and three disturbed sites are shown in Figs. 1 and 2. A MANOVA of elemental composition revealed significant differences in elemental profiles as a result of site (F 192,1320 ¼ 2.03, P , 0.001). Contrasts comparing the three grassland habitats (sandhills, mixed-grass, and disturbed sites) revealed significant differences in plant elemental composition between each habitat (sandhills vs. mixed-grass, F 12,99 ¼ 2.73, P ¼ 0.003; sandhills vs. disturbed, F 12,99 ¼ 9.48, P , 0.001; disturbed vs. mixed-grass, F 12,99 ¼ 14.56, P , 0.001). At the univariate level, there were site differences for only six elements (for the following analyses, df ¼ 16, 110): nitrogen (F ¼ 15.23, P , 0.001), phosphorus (F ¼ 3.58, P , 0.001), magnesium (F ¼ 2.35, P ¼ 0.005), sodium (F ¼ 5.06, P , 0.001), potassium (F ¼ 3.23, P , 0.001), and copper (F ¼ 6.92, P , 0.001). This same MANOVA also FIG. 1. Concentrations (mean þ SE) of nitrogen (N), phosphorus (P), sulfur (S), boron (B), calcium (Ca), and magnesium (Mg) in bulked grass and forb tissue from 17 grassland sites in western Nebraska, USA (for conversion to percentage dry mass: 100 ppm ¼ 0.01%, 1000 ppm ¼ 0.1%, and 10 000 ppm ¼ 1%). The AP (Arapaho Prairie) and Arthur (Arthur County) sites represent sandhills grassland (nine sites); the CPBS (Cedar Point Biological Station) sites represent mixed-grass prairie (five sites); and the Dist (disturbed areas, near CPBS) sites represent areas with past heavy grazing and vegetation characterized as ''weedy'' (three sites).
May 2012revealed significant differences in elemental patterns between grasses and forbs (F 12,99 ¼ 13.01, P , 0.001), with forbs having significantly higher elemental concentrations. Univariate tests at the plant level revealed that all elements except for Na and Fe were recorded at higher concentrations in forbs compared to grasses (using corrected P values). These results were confirmed by a ratio analysis (Fig. 3) .
Overall grasshopper densities
Overall grasshopper densities (Fig. 4a) varied significantly among all sites (nested within habitat; F 14,51 ¼ 6.7, P , 0.001), an approximately sevenfold difference that ranged from 3 to 21.5 individuals/m 2 . Significant variation of grasshopper densities among habitat types was also evident (F 2,51 ¼ 73.3, P , 0.001). The feeding guild composition of each site expressed as a percentage of the total is shown in Fig. 4b . Using AIC c criteria, we next regressed total grasshopper density with elemental composition, and plant biomass, to identify which of our 36 initial models (Appendix D) best fit the data (defined as having w i values . 0.1). As seen in Table 1a , three AIC c models met our criteria. Phosphorus was a critical element for the two best-fit models, but total vegetative biomass plus S and Mn also emerged as potentially important factors associated with grasshopper densities. Interestingly, N did not emerge as an important element explaining FIG. 2. Concentrations (mean þ SE) of sodium (Na), potassium (K), zinc (Zn), iron (Fe), manganese (Mn), and copper (Cu) in bulked grass and forb tissue from 17 continental grassland sites in western Nebraska (for conversion to percentage dry mass: 100 ppm ¼ 0.01%, 1000 ppm ¼ 0.1%, and 10 000 ppm ¼ 1%). The AP and Arthur sites represent sandhills grassland (nine sites); the CPBS sites represent mixed-grass prairie (five sites); and the Dist sites represent areas with past heavy grazing and vegetation characterized as weedy (three sites).
variation of total densities of all grasshopper species among sites. This result is reinforced by importance values (Table 2) , which indicates that P is the best explanatory variable followed by plant biomass, S, B, and Mn.
Density responses of feeding guilds
An AIC c approach was next applied to grasshoppers based on their feeding guild. Densities of grass-feeders responded consistently to N and P concentrations, with N occurring in the top three models (w i . 0.1), and P occurring in second and third ranked models (Table 1b) . The second ranked model suggested Ca, Na, and Mg, as well as grass biomass, were also potentially important variables for grass-feeders. Inspection of importance values of elements for the entire range of models (Table  2) suggests that N and P are the variables that best explain spatial heterogeneity in grass-feeding grasshopper densities.
For forb-feeders, a range of elements was associated with densities, but N and P appeared to be the most important foliar elements based on the frequency at which they occurred in models with w i . 0.1 (Table 1c) . Interestingly, forb biomass alone generated the best-fit model, and in the fourth-and fifth-ranked models B, Ca, Na, K, and Zn were identified as important. Inspection of importance values (Table 2) suggested that N and P had the largest effect on densities of forb-feeding grasshoppers, followed by forb biomass, and S.
The third feeding guild, the mixed-feeders, showed positive associations of density with plant biomass and seven elements. Based on frequency of occurrence in models with w i . 0.1, vegetation biomass followed by P are most important variables (Table 1d) . However, the best-fit model (the one with the highest w i value) suggests that S, B, Mg, Na, K, and Cu are all potentially important elements for mixed-feeding grasshoppers.
Overall importance values revealed that plant biomass is the dominant factor associated with the density of mixed-feeding grasshoppers, but also suggest a role for P, S, B, Mg, Na, and Cu (Table 2) .
Grasshopper community species composition
Grasshopper species composition varied among sites in two important ways. First, as shown by the dendrogram of species similarity among communities (Fig. 5a) , similarity of species composition among sites was not a result of spatial proximity or grassland habitat types. Second, PCA ordination of species assemblies among sites from our three grassland habitats (Fig. 5b) indicated that shifts in species composition were associated with changes in foliar nutrient content and total plant biomass. Overall, our ordination of species composition among sites explained 85% of the variation, FIG. 3 . Ratio of elemental concentrations (mean þ SE) in forbs vs. bulked grasses, averaged over all sites. Statistically significant differences were determined based on t test comparisons, using a null model of 1 (equal ratios, as shown by the dashed line). An asterisk above a bar indicates that for that element the forb/grass ratio was statistically significant (.1).
* P , 0.05.
with the first three axes (dominant eigenvalues) explaining 53.9%, 20.0%, and 11.3% of the total variation in species composition among sites, respectively. Although none of our environmental correlates (foliar element concentrations or biomass) corresponded strongly to axis 1, plant biomass, Cu, and Zn were correlated significantly with axis 2 (Fig. 5b) . On axis 3, foliar variation in Ca and B levels were identified as important correlates explaining grasshopper community species composition (Fig. 5b) . Notes: Highest ranked models assessing the importance of total biomass and mineral nutrients on variation among sites are shown for grasshopper density of all species combined and by feeding guild. AIC c is the information theoretic criterion corrected for small sample size, Dw indicates the plausibility that the fitted model matches the best possible model (calculated as the difference between a model's AIC c score and the best AIC c score), w i is a normalized Akaike weight, which represents the relative likelihood of the model given the data, and ER (evidence ratio, calculated as the best Akaike weight divided by a given model's Akaike weight) is the relative likelihood of model i vs. another model j in rightly predicting the correct model for the sampling scheme (Burnham and Anderson 2002) . The list of models included in this analysis is shown in Appendix D, but only models that generated w i values of .0.1 are shown here (see the Methods section for more details). The relative importance of elements for the range of models examined in this study is shown in Table 2 . Table 2 . Relative importance of elements for the range of models examined in this study, calculated as the sum of w i from all models in which a given variable occurs (see Appendix D for all models tested). Notes: Comparing the relative importance helps one to recognize relative strengths of the variables (Burnham and Anderson 2002) . All independent variables shown here were included in the same number of models (n ¼ 15). Variables from models that had w i values .0.1 (our cutoff value for inclusion) are shown in bold. Superscripted numbers in parentheses indicate, within each column, the rank of a variable's relative importance when all 15 models containing that variable are considered. The top three groups of variables are shown, and where relative importance values are similar, they are assigned the same relative rank. For example, for the mixed-feeder guild, five variables are assigned 3's because they fall within a similar range (0.324-0.361).
DISCUSSION
The dynamics of insect herbivore populations and their community structure result from the combined effects of multiple bottom-up and top-down processes, but the success of insect herbivores at the individual level remains fundamentally tied to plant nutritional quality (Denno and McClure 1983 , Rosenthal and Berenbaum 1992 , White 1993 . Laboratory studies provide detailed mechanistic and functional insights into how food quality affects insect herbivores because they allow precise manipulation and control of key dietary nutrients and allelochemicals (Raubenheimer and Simpson 1993 , Trumper and Simpson 1993 , Behmer and Elias 2000 , Simpson and Raubenheimer 2001 , Behmer et al. 2002 . But because ecologists are ultimately interested in natural responses by insect herbivores, it is critical to investigate how insect herbivores respond to natural variation in host plant nutritional quality (defined beyond one or two variables). We readily acknowledge the considerable contributions of laboratory feeding studies to nutritional ecology, but our approach in this current study is to let natural variation point to key relationships between plant quality and grasshopper responses. In doing so, we have uncovered interesting correlations between grasshopper abundances/species compositions and foliar elements, some which have been rarely examined. Our results also suggest that certain understudied nutrients warrant further investigation at a functional/mechanistic level.
Before discussing our results, we make three important caveats. First, although our efforts focus on describing grasshopper abundance and species community composition with respect to plant nutritional (measured in terms of elements) and biomass traits, we realize that insect herbivore distributions and abundances can also interact and covary with a range of nonnutritional factors, including: vegetation structure and plant species composition (Haddad et al. 2001 , Joern 2004 , resource complementation (Beckerman 2002) , behavioral limits affecting local dispersal (With and Crist 1995, Haynes and Cronin 2006) , predation risk (Schmitz et al. 1997 , Cronin et al. 2004 , Danner and Joern 2004 , Schmitz 2009 , Hawlena and Schmitz 2010 , and larger-scale landscape features than that studied here (Haynes et al. 2007 ). Second, we acknowledge that what is measured in plants, and what is available to insect herbivores, are not necessarily equal. For example, cell wall morphology (C 3 vs. C 4 ) and leaf age (new vs. old) can affect nutrient extraction efficiency (Clissold et al. 2006 (Clissold et al. , 2009 . By bulking plant samples (grass samples represent multiple species as do forb samples), and only sampling green plant tissue, we hope that such plant-specific effects will have been subsumed. Third, we did not assess carbon (C) in our analyses. Although C is the most abundant element in plants, and is often used as a proxy for available energy, plant total-C is not particularly informative. Carbon is contained in all major biomolecules, but its content in these biomolecules is highly variable; the average C content of carbohydrates, proteins, and lipids is ;37%, ;53%, and ;70%, respectively (Sterner and Elser 2002) . This means that identifying the plant source of C and its functional role (e.g., energy vs. structural) is crucial. It is also the case that a large fraction of plant carbohydrate-C is contained within cellulose and lignin (Marschner 1995) , which is not digestible by most insect herbivores (Chapman 1998) . Thus, attempts to treat C as a nutrient for insect herbivores and/or to use it as a surrogate for available energy are highly problematic, and should be avoided (Anderson et al. 2004 , Raubenheimer et al. 2009 ).
It is now well established that foliar elemental composition of plants can be highly variable in response to local environmental conditions (Clarkson 1985 , Chapin et al. 1987 , Chapin 1991 , Aerts and Chapin 2000 . We also found significant variation in patterns of foliar elements among habitats and individual sites, but our univariate analysis of individual elements showed that significant variation across sites occurred for only six of our 12 foliar elements: N, P, Mg, Na, K, and Cu. Of these, N, P, Mg, and K are categorized as plant macronutrients, while Na and Cu are considered micronutrients (Mills and Jones 1996) . On average, forbs contained higher concentrations of mineral elements (except Na and Fe) compared to grasses, and these differences were sometimes large (B, Ca, Mg, and Zn). Such differences in foliar elemental concentrations between dicots and monocots have been long known (Marschner 1995) , and this suggests that forbs relative to grasses have greater absolute nutritional value.
Having documented the extent of natural variation in foliar elements, our next goal was to evaluate how this variation might inform spatial variability in grasshopper abundances, both at the broad family taxonomic level (Acrididae), and the feeding-guild level (grass-, forb-, and mixed-feeder). The two foliar elements consistently viewed as being important for insect herbivores are N (Heidorn and Joern 1987 , Haddad et al. 2000 , Apple et al. 2009 , Bishop et al. 2010 , Loaiza et al. 2011 ) and P (Schade et al. 2003 , Kay et al. 2004 , Apple et al. 2009 , Bishop et al. 2010 ), but only P was significantly correlated with total grasshopper abundance across the four grouping levels. Apple et al. (2009) found that naturally occurring foliar P levels were positively correlated with caterpillar survival and growth rate at an early primary succession terrestrial habitat. At this same site, Bishop et al. (2010) also documented that P addition promoted orthopteran abundance (primarily Melanoplus spp.
[Acrididae] and mormon crickets [Tettigoniidae] ). Our results are consistent with the notion that P might constrain insect herbivore populations in terrestrial ecosystems. An alternative possibility is that plants with higher P levels may have higher photosynthetic rates, and thus provide greater energetic value. However, P in and of itself can limit insect herbivore growth (Perkins et al. 2004) , and grasshop-pers/orthopterans certainly are good candidates to be P limited. A recent detailed laboratory study using a generalist grasshopper revealed P tissue levels at ;10 000 ppm (1% dry mass) (Boswell et al. 2008) , which is three to four times higher than the P concentrations recorded in our plants (see Fig. 1 ).
That N was not significant in our models across the board (as with P) was unexpected considering that for the last three decades N generally has been considered the most important nutrient for insect herbivores (Mattson and Haack 1987 , White 1993 , 2008 . It is now recognized that protein to carbohydrate ratios are FIG. 5 . Hierarchical clustering of grasshopper sites and ordination of grasshopper communities using PCA. (a) Similarity of species composition among sites was not a result of spatial proximity or grassland habitat types (AP 1-4 and Arthur 1-5, sandhills grassland; CPBS 1-5, mixed-grass prairie; and Dist 1-2, habitats with loamy soils and vegetation characterized as weedy; here Dist 2 equals Dist 3 in Figs. 1, 2, and 4, and grasshopper data for our third disturbed site were missing). (b) Grasshopper communities (relative abundances) ordinated (32 species at 16 sites) by principal components analysis (PCA) using variance/covariance matrices for grasshopper species among sites. The first three dominant axes explained 85% of the variation (53.9% for axis 1, 20.0% for axis 2, and 11.3% for axis 3). None of our measurements correlated significantly with axis 1. Plant biomass, Cu, and Zn were important correlates on axis 2, while Ca and B levels were important correlates on axis 3. more important than protein alone Simpson 1993, Raubenheimer et al. 2009) , and that insect herbivores can balance diets to meet multidimensional nutritional demands. Moreover, this makes it difficult to generalize results from elemental concentrations without additional experimental tests because of problems in inferring carbohydrate concentrations from C alone as discussed previously. Interestingly, N was strongly associated with the abundance of both grass-feeding grasshoppers, which were the dominant feeding guild at most of our sites (often comprising 50-70% of the total), and forb-feeding grasshoppers (occurring in two out of five significant models, and having a high relative evidence ratio [ER] score). In contrast, N was not correlated with abundance of mixed-feeders, which regularly consume significant quantities of both grasses and forbs (Joern 1985) . Perhaps this suggests that plant N levels are most informative with respect to population abundance of specialist insect herbivores on only grasses or forbs. For generalist insect herbivores, foliar-N levels may be less useful because eating a broad diet may allow them to reach their preferred N (protein) intake by switching back and forth between high-N (forbs) and low-N (grasses) plants (Jonas and Joern 2008) .
We also documented variability in grasshopper abundances to variable foliar concentrations of Mg, Na, K, and Cu levels. How might these additional elements affect insect herbivores? Like N, Mg is used for structural purposes, Na and K are involved in electrochemical function, including message transmission in nerves, cellular signaling, and energy metabolism, and Cu is used in catalytic roles (Frau´sto da Silva and Williams 1991). With the exception of K, these elements are found at low concentrations in plants and insect herbivores (Boswell et al. 2008 ). However, low concentration does not mean these nutrients cannot influence ecological processes. For example, the nutritional value of Na is well illustrated by puddling behavior in insects (Smedley and Eisner 1995, Molleman 2010) , its influence on host plant selection in moose (Belovsky and Jordan 1981) , its effect on marching in Mormon crickets (Simpson et al. 2006) , ant recruitment to baits , and other invertebrate responses in tropical brown food webs ). In our study, Na was the only element (other than P) identified in at least one model for each of our three feeding guilds. Very little is known about how variation in foliar Mg and K might affect insect herbivores, but these two elements were each included twice in significant models (see Table 1 ). Interestingly, some elements that did not show great variation in plants were nonetheless included as significant elements in models. These included S, Ca, and B (each found in two significant models), plus Mn and Zn (each in one significant model). Each of these elements is found at significantly higher concentrations in forbs relative to grasses, especially Ca and B (Fig. 3) , so perhaps they are important nutrients for insect herbivores that include forbs in their diet breadth.
Vegetative biomass varied positively with grasshopper abundance with the single exception of grass-feeders. It was also a particularly important variable explaining spatial variation for mixed-feeding grasshoppers, appearing as an important variable in the top three models and exhibiting a high relative importance value (0.75). Although more biomass may indicate more food, an alternative or complementary explanation is that increased biomass leads to increased structure in the habitat, which affects the ability to hide from predators and increase the range of thermal conditions available to insect herbivores within vegetation (Pitt 1999) .
As revealed by two separate analyses, spatial variation in foliar elements might also be correlated with variation in taxonomic composition of grasshopper assemblages among sites. First, our hierarchical analysis suggests that community structure is not readily explained by habitat type, or the proximity of sites to one another. Second, our ordination of species abundances explained a large proportion of the variation (85%) in grasshopper assemblages, and 37% of this variation was explained by five of our measured variables (biomass, B, Ca, Zn, and Cu). We were surprised that N and P were not identified as important factors with respect to community structure given their notoriety in the nutritional ecology of insect herbivores, and their frequent occurrence as significant factors explaining grasshopper abundance in our model selection analyses. That N in particular was not significant is interesting given its link (via protein) to niche differentiation in protein : carbohydrate nutrient space that has been documented for forb and mixed feeding grasshoppers from this same grassland area (Behmer and Joern 2008) . Interpreting the biological significance of these explanatory factors at the community level can be challenging, but an inspection of our earlier analyses suggests that much of the explanatory power is linked to grasshoppers that include forbs in their diets. For instance, each of the elements identified as significant in our ordination analysis are significantly higher (absolute levels) in forbs compared to grasses (especially B and Ca). Additionally, the elements identified as being important at the community level are identified as important variables in models associated with either forb-feeding or mixed-feeding grasshopper abundance.
Where do we go from here? Moe et al. (2005) argued for the explicit inclusion of elemental constraints in models and empirical studies in order to enhance our ability to explain how populations and communities operate, especially for terrestrial insects. We concur, but with a slight modification-models and empirical studies should focus on nutritional, rather than elemental constraints. Our study demonstrates the utility of this approach, although it seems better suited for questions concerning abundance, rather than community structure. Moe et al. (2005) also cautioned against painting with too broad a brush at the taxonomic level. In our case unique insights were obtained by paying attention to important biological criteria, namely host plant type (grasses vs. forbs) and diet breadth (grass specialists, forb specialists, mixedfeeders); we particularly urge nutritional ecologists to be mindful of feeding guild differences when exploring their data. Finally, while our results confirm the general strong correlation effects of N and P with insect herbivores, they also highlight the need to think beyond N and P. In particular, we encourage nutritional ecologists and research broadly interested in insectplant interactions to investigate the nutritional roles of Na, Mg, and K for insect herbivores, given that these nutrients vary in plants, and are correlated with grasshopper population abundance.
